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The concept of a random coil
Residual structure in peptides and denatured proteins
Lorna J Smith, Klaus M Fiebig, Harald Schwalbe and Christopher M Dobson
Non-native states of proteins are of increasing interest
because of their relevance to issues such as protein
folding, translocation and stability. A framework for
interpreting the wealth of experimental data for non-
native states emerging from rapid advances in
experimental techniques involves comparison with a
‘random coil’ state, which possesses no structure
except that inherent in the local interactions. We review
here the concept of a random coil, from its global to its
local properties. In particular, we focus on the
description of a random coil in terms of statistical
distributions in , space. We show that such a model,
in combination with experimental data, provides insight
into the structural properties of polypeptide chains and
has significance for understanding protein folding and
for molecular design.
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Introduction
Although many attempts to understand protein stability
and the relationship between the sequence of a protein
and its three-dimensional structure concentrate on the
properties of the native folded protein [1–3], important
insight can also come from studies of denatured and partly
folded proteins [4] as well as from studies on smaller
peptide fragments [5]. Additionally, the characterization of
such non-native states of proteins is of importance in
understanding protein folding, the transport of proteins
across membranes, and protein turnover in the cell [6–8].
In experimental investigations of non-native protein con-
formations, one of the major objectives is to define and
characterize the nature and significance of any structure
that is identified [9–12]. To do this with any degree of
confidence the experimental data need to be compared
against those expected for some reference states. One
such reference state is the well characterized native state,
but another important and commonly used reference state
is the other extreme, the random coil. Definitions of the
characteristics of a random coil state and assumptions
about its inherent properties vary, however [4,13]. In this
article, therefore, we address the concept of the random
coil state of a polypeptide chain. 
The overall structure of a native folded protein reflects a
complex balance between short-range local interactions,
which determine the intrinsic conformational preferences
of the amino acids, medium-range interactions, particu-
larly those stabilizing regions of secondary structure, and
nonlocal tertiary interactions, which determine the global
fold of the protein [2,14,15]. The degree of persistence of
each of these types of interaction is of interest in investi-
gations of non-native protein conformations and a variety
of experimental techniques are available (Table 1) that
can be used to probe them. These range from the mea-
surement of global parameters, such as the radius of gyra-
tion and intrinsic viscosity [13], to NMR spin–spin
coupling constants that reflect the local torsion angle pop-
ulations of individual residues [16–18]. 
Together with the range of experimental techniques for
probing the properties of non-native states of proteins, a
number of models have been developed that consider the
characteristics of a random coil polypeptide chain and
predict values of parameters that can be measured experi-
mentally (Table 1). In this article, we first consider the
global properties of a random coil described by such
models and then concentrate in more detail on local and
medium-range characteristics. Models for properties of
individual residues and short segments of a polypeptide
chain in a random coil can provide a framework for inter-
preting experimental NMR data for non-native protein
conformations [18]. Such models are therefore becoming
increasingly important as advances in high-resolution
NMR techniques extend the detail to which such partly
folded and denatured states can be probed experimentally
[11,12,19].
The characteristics of a random coil state of a protein
depend intrinsically on the molecular features of the
polypeptide chain. It is well recognized that in a polypep-
tide chain the peptide bond is planar and, in general, in
the trans configuration [20]. Under such circumstances,
the distance between consecutive C atoms is approxi-
mately constant (3.8 Å) and the mainchain trace of the
polypeptide can be described in terms of a series of
virtual bonds (or peptide planes) connecting the C
atoms (Fig. 1) [21]. The relative orientation of two of
these virtual bonds (i and i+1) is determined by the pair
of torsion angles i and i defining rotation about the
bonds adjoining the C atom of residue i. Specifying the
 and  values for each peptide unit in the chain is suffi-
cient to define completely a specific conformation of the
polypeptide backbone. For a polypeptide chain folded
into its native structure, each residue, in general, popu-
lates only a single , conformation (with small fluctua-
tions around the mean torsion angle values); this contrasts
with a random coil, where there will be a distribution of
, angles for each residue, giving rise to an ensemble of
conformers.
Global properties of a random coil
Since the early days of polymer chemistry, the global
dimension of a polymer chain, the average radius of gyra-
tion 〈Rg〉, has been accessible experimentally from mea-
surements of intrinsic viscosity. For polymers in good
solvents, it has been found that 〈Rg〉 is proportional to the
square root of the molecular weight of the polymer [13].
This observation and more recent results from light, X-ray
and neutron scattering experiments [22,23] have a long
history of being interpreted by hypothetical models of the
spatial configurations of the polymer chain. The initial,
and conceptually most important, of such ‘random coil’
models is the freely jointed, or random flight, chain [24].
In this model, monomers are connected by bonds of fixed
length and uncorrelated (random) directions. Due to the
mathematical simplicity of the model it is possible to
derive many conformational properties, including the
above-mentioned characteristic scaling of 〈Rg〉, with chain
length.
An example of a recent application of the random flight
model to proteins is in the interpretation of data from
small-angle neutron scattering studies of phosphoglycer-
ate kinase (PGK) denatured in 4 M guanidinium
hydrochloride (GuHCl) [25]. The data are shown to be in
excellent agreement with a model for the unfolded
protein consisting of 100 freely jointed spheres, where
each sphere is assumed to contain scattering material of
constant density. This model enables the persistence
length of the chain to be defined, a measure of the stiff-
ness of the polymer. To illustrate the vast structural diver-
sity of the random coil ensemble of conformations
described by the random flight model, Figure 2 shows the
distribution of Rg values calculated for the above-men-
tioned freely jointed chain. As a reference, we have indi-
cated the 〈Rg〉 of both the native and the denatured state.
Furthermore, several sample conformations of varying
compactness are shown.
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Table 1
Probes of the conformational properties of non-native states of proteins.
Technique Information content Analytical methods
Global characteristics
Viscosity measurements [13] Intrinsic viscosity Random flight models [24]
Sedimentation in ultracentrifuge [13] Sedimentation coefficient Random flight models [24]
Dynamic light scattering [22,28] Hydrodynamic radius (Rs) Rotational isomeric state model using 
potential functions describing the 
conformational energy [21,29]
Solution X-ray or neutron scattering From small-angle scattering: radius of gyration (Rg) As above and random flight models [25]
([10,69]; see also the review by From high-angle scattering: distance pair distribution
M Kataoka and Y Goto, function (P(r)), which gives longest linear dimension
this issue [pp. R107–R114]) (dmax), an indication of overall shape and information
on tertiary interactions
Local characteristics 
Fluorescence energy transfer [70,71] Distribution of distances between donor and acceptor Comparison of distance distributions 
with Förster distance [71]
Tryptophan fluorescence decay [72] Local environment surrounding tryptophan residues Fit to model functions to extract order 
parameters [71]
Fourier transform infrared Residual secondary structure content Experimental data for short model 
spectroscopy [73] peptides
Circular dichroism spectroscopy [74] Residual secondary structure content Experimental data for short model 
peptides
Nuclear magnetic resonance Coupling constants — mainchain and sidechain Coupling constants from conformational 
spectroscopy [11,12] torsion angle populations e.g. 3JHN probes  energy calculations [36,37,75]
NOEs — interproton distance distributions Coupling constants and NOEs from 
model using distribution of , torsion
angles in protein database [17,18,39]
15N, 13C relaxation — dynamic properties Use of model functions to extract order 
of individual residues parameters and correlation times [76]
Subsequently, the main developments in polymer theory
(beyond that of the freely rotating chain model) have been
analytical methods that can approximate the excluded
volume effects of monomers [26] and include the energet-
ics of the polymer backbone [21]. Rotational isometric
state theory [21], an approach that models each polymer
link as a finite number of rotational states with different
energetics, has been instrumental in relating the physio-
chemical details of the polymer to its global properties.
Flory and colleagues [21,27] have successfully applied this
theory to proteins by modelling the conformational energy
of the polypeptide chain as a function of the  and  tor-
sional angles. The potential energy function used gener-
ally includes terms for the intrinsic torsional potentials of
covalent bonds, and van der Waals’, electrostatic, and
dipole–dipole interactions. From such a potential function
and using the rotational isometric state approximation, it
has been possible to derive values for several global para-
meters of the polypeptide random coil including mean
end-to-end distances and dipole moments. Most of these
findings and the corresponding models have been ele-
gantly summarized in two books by Flory [21,27]. 
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Figure 1
Schematic diagram of a polypeptide chain
showing the torsion angles  and , which
determine the mainchain conformation, and
the virtual bonds connecting the C atoms.
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Figure 2
Distribution of the radius of gyration
calculated for a freely jointed chain of 100
spheres. The Rg values of both the native and
denatured states of phosphoglycerate kinase
(PGK) [25] are indicated for comparison,
together with several examples of conformers
to demonstrate that the ensemble of random
coil conformers contains both extended and
compact states. A similar illustration has been
used by Gast et al. [23] in their description of
prothymosin .
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Even nowadays, Flory’s theoretical framework is used rou-
tinely to interpret chain conformational properties derived
from small-angle X-ray and dynamic light scattering data
[23,28]. Recently, in conjunction with the original rota-
tional isomeric state model, an enhanced all-atom energy
function that includes terms to model solvent effects has
been used to predict mean end-to-end distances, dipole
moments, square optical anisotropies and Kerr constants
of several random coil polypeptides [29,30]. Also, a novel
extension of the rotational isomeric state formalism, called
the dynamic rotational isomeric state theory [31], has been
applied to several polymer systems [32,33] and provides
an analytical method to describe the stochastics of confor-
mational transitions between different isomeric states of
polymers. Its main advantage is that it is not limited to the
picosecond and nanosecond time range as is the case for
atomistic molecular dynamics simulations. These tools, in
conjunction with numerical Monte Carlo and molecular
dynamics simulations (which are reviewed elsewhere
[34,35]), will undoubtedly enhance greatly our current
understanding of both the equilibrium and dynamic prop-
erties of the polypeptide random coil.
Local properties of a random coil
The local properties of a random coil have been described
in a variety of different ways. Tanford [13], for example,
described the random coil state of a polymer as one in
which internal rotation can take place about every single
bond of the molecule with the same freedom with which it
would take place in a molecule of low molecular weight
containing the same kind of bond, while Shortle [4] has
described a polypeptide random coil as a well defined ref-
erence state in which no sidechain–sidechain interactions
occur. Here, we assume that in a random coil the values of
the , torsion angles of a given residue are independent
of the , torsion angles of all other residues, i.e. the rela-
tive orientation of the i and i+1 virtual bonds (Fig. 1) is
independent of the orientation of all other virtual bonds.
There are, therefore, no nonlocal interactions along the
polypeptide chain.
One approach that could provide a full description of the
local properties of a random coil is to use the polymer
theory treatment developed by Flory [21], the , energy
surfaces derived from the potential functions being con-
verted into Boltzman distribution populations. From such
a model, NMR parameters, for example, can be predicted
for a random coil. This has indeed been done for the
spin–spin coupling constant 3JHN using , energy sur-
faces derived for dipeptides [36–38]. Another approach,
however, is to use the definition of a random coil provided
by the polymer model but to employ the , populations
of residues in the protein database rather than the ,
energy surfaces derived from potential functions
[17,18,39]. These , distributions in the protein database
resemble closely the theoretical , energy surfaces and
have been used by a number of groups to describe local
conformational preferences in polypeptide chains [40–43].
It is assumed that taking the overall populations in the
protein database will average out the effects of nonlocal
interactions present in the individual protein structure
[44].
We will now consider in more detail the description of the
local properties of a random coil provided by this database
model. The , distribution of residues in a database of 85
high-resolution nonhomologous protein structures is
shown in Figure 3a. For all residue types, excluding
glycine, almost all the mainchain torsion angles are con-
centrated in the  and  regions of , space [45] (defined
in Fig. 3b). The database model using this , distribu-
tion, and making the assumption that the , torsion
angles of individual residues are independent of those of
adjacent residues, predicts that the population of ,
space in a random coil is very non-uniform, only 24% of
, space being populated 85% of the time. 
Although the overall features of the , distributions of all
residues in the protein database are closely similar (with
the exception of glycine and proline), there are variations
in the populations for different residue types reflecting
the characteristics of the amino acid sidechains concerned
(Fig. 3b) [17,43,44,46]. The database model uses these
residue-specific distributions to provide a description of
the relative populations of mainchain conformers for each
residue in the polypeptide chain. In the model, residues
that favour  conformations in a random coil include
alanine and residues with polar or negatively charged
sidechains, particularly aspartic acid and glutamic acid,
presumably because these conformations allow interac-
tions of the sidechain with the amide group of residue
(i+1). Conversely, residues with bulky, particularly -
branched, sidechains (e.g. valine and isoleucine) have
higher populations of the  region due to the increased
steric freedom in such extended conformations.
Asparagine and glycine are the only residues with signifi-
cant populations of conformers with positive  angles. For
glycine, this reflects the reduced steric restrictions when
there is no sidechain, while for asparagine it is suggested
that the L conformation is stabilized by hydrogen
bonding between the sidechain NH and adjacent back-
bone carbonyl groups.
Using the , distributions from the protein database,
NMR parameters that probe the conformational properties
of a single residue can be predicted directly for a random
coil state. For example, 3JHN coupling constants, which
have a dependency on the  torsion angle, have been cal-
culated as population-weighted averages using the
Karplus relationship [47,48]. This assumes that there is
rapid interconversion between the individual , con-
formers in the random coil state resulting in averaging of
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the NMR parameters. The 3JHN values for a random coil
are predicted to vary from 5.8 Hz for glycine and alanine
to 7.5 Hz for threonine, the differences between the
values predicted for the different residue types reflecting
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Figure 3
(a) The distribution of , torsion angles for
residues in a data set of 85 high-resolution
protein structures [17,44]. (b) Schematic
diagram of a Ramachandran plot showing the
,  and left-hand (L; combined L and L)
regions of , space as defined by Swindells
et al. [44]. Histograms indicate the
populations of these regions for different
amino acids in the protein database.
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the variations in , populations [17,39]. Comparison of
these residue-specific predictions with experimental data
from studies of denatured proteins and unstructured pep-
tides demonstrates that the predicted variation is indeed
observed experimentally (Fig. 4), confirming the validity
of the description of a random coil provided by the data-
base model [17,49]. Similar residue-specific variations are
predicted and observed for other NMR parameters that
probe the conformational properties of single residues in a
random coil including the intensities of sequential
H–NH and NH–NH (i,i+1) NOEs [18] and the CH
chemical shift change on transfer, for example from a
random coil to an -helical conformation [39,49].
Although the amino acid specific variations in , popula-
tions predicted for a random coil by the protein database
model are clearly observed in experimentally measured
NMR parameters such as 3JHN coupling constants, in
cases where experimental data of a particular high accu-
racy have been obtained, second order effects have also
been recognized to be playing a role in determining the
, populations of individual residues (LJ Smith et al.,
unpublished data). Most notably the size of the sidechain
of the preceding (i–1) residue seems to be significant, -
branched or aromatic sidechains increasing the population
of  space. In accord with this, improved correlations have
been observed between experimental data and predictions
from the protein database , distributions taking the
characteristics of the preceding residue into account
(LJ Smith et al., unpublished data).
Secondary structure in a random coil
It is important to note that the high population of  and 
space predicted for residues in a random coil does not by
itself imply significant persistent populations of -helical
or -strand secondary structure; such populations require
repeated values of the appropriate , torsion angles along
a given sequence. However, it is interesting that if five
adjacent residues each had a 60% population of  space (as
would be expected for polyalanine), 8% of the molecules
in the ensemble of random coil conformers for this section
of the sequence would adopt an -helix. Similarly, 7% of
the conformers in the random coil ensemble would
contain a -strand for five adjacent residues in a polyva-
line sequence (58% population of  space). Even for a
typical amino acid sequence (such as that of hen
lysozyme) behaving as a random coil, each four-residue
segment would have on average 4% of the conformers
with all the residues in the  conformation (Table 2). 
In the light of this transient population of secondary struc-
ture by a random coil polypeptide chain, we consider the
intensities of medium-range NOEs characteristic of sec-
ondary structure predicted for a random coil. In regions of
secondary structure in native proteins, the observation of
these NOEs, arising from dipolar coupling between the
protons concerned, reflects fixed short interproton separa-
tions [50]. For a random coil, however, where an intercon-
verting ensemble of conformers is populated, a given
interproton separation will be described by a distribution
of distances and the resultant NOE intensities will be
population-weighted averages [18]. Therefore, in order to
predict NOE intensities for a random coil, a description of
the ensemble of conformers adopted by the polypeptide
chain is required from which the interproton distance dis-
tributions can be extracted. 
To derive such an ensemble of conformers, a Monte Carlo
procedure has been used that selects at random , angles
for each residue from the amino acid specific , popula-
tions, any resulting conformers with steric overlap being
excluded [18]. Figure 5 shows H–NH (i,i+2) and (i,i+3)
interproton distance distributions derived from the
ensembles of conformers describing a random coil for two
different amino acid sequences. Rather than being a single
broad envelope, these distributions show a number of well
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Figure 4
Comparison of residue-specific mean experimental 3JHN coupling
constants for denatured lysozyme (H Schwalbe et al., unpublished
data) and barnase [16] with values predicted using the database
model for a random coil [17]. The points are labelled using the one-
letter amino acid codes. The experimental data for urea- and pH-
denatured barnase were kindly provided by VL Arcus and AR Fersht.
The 3JHN values were predicted for a random coil using the ,
distributions for all residues of a given amino acid type in the protein
database (ALL parameter set). An alternative is to use only those
residues that are not in regions of secondary structure (COIL
parameter set). This gives similar results, although the 3JHN values are
increased by 0.4–0.5 Hz, on average, with the COIL parameter set due
to the reduced population of  space [17].
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defined maxima. This reflects the limited regions of ,
space that are populated by residues in the random coil
conformation, only  and  conformations being adopted
with a high probability. The maxima of the distributions
are centred around the interproton distances expected for
regular  and/or  conformers. For example, the H–NH
(i,i+2) distributions (Fig. 5) consist of two peaks, one
reflecting the combined (i)(i+i) and (i)(i+1) popula-
tion (and (i)L(i+1) when residue i+1 is Asn or Gly) and
the other the (i)(i+1) and (i)(i+1) population.
From the interproton distance distributions, NOE inten-
sities can be calculated using a two spin approximation
[51] by population-weighted averaging the inverse sixth
power of the respective proton–proton distance, 〈1/d6〉.
The contributions of the conformers at different inter-
proton distances to the overall NOE intensities are
shown for two representative sequences in Figure 5b. It
can be seen very clearly that in the case of the H–NH
(i,i+2) NOEs, for example, only the first peak in the dis-
tance distribution contributes significantly to the resul-
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Table 2
Populations of -helix and -strand secondary structure in a random coil.
The percentage population of the all  and all  conformations are shown in segments up to five residues long of polyalanine, polyvaline and the hen
lysozyme sequence behaving as a random coil.
Polyalanine Polyvaline Lysozyme*
No. residues % All † % All † % All † % All † % All † % All †
1 60 33 38 58 45 ± 11 39 ± 12
2 36 11 14 34 20 ± 7 15 ± 7
3 22 4 6 20 9 ± 4 6 ± 3
4 13 1 2 11 4 ± 2 2 ± 1
5 8 0.4 1 7 2 ± 1 0.8 ± 0.5
*Mean values and standard deviations are listed. †Percentages given
do not add up to 100% because of the definitions used for the  and
 regions; some , values do not fall into these regions.
Figure 5
(a) Distribution of H–NH (i,i+2) and H–NH
(i,i+3) interproton distances in an ensemble of
50 000 random coil conformers generated
using a Monte Carlo procedure [18]. The
major contributing conformers to the
distribution maxima that give rise to the NOE
intensity are indicated. (b) Contributions to
the predicted NOE intensity from the
populations at a given interproton distance.
Intensities are scaled relative to that expected
for a fixed interproton separation of 4.5 Å (set
to 1.0). The distributions and intensities for
two different sequences are shown for
comparison (Val-Gln-Ala-Trp and Ile-Asn-Ser-
Arg). The total predicted NOE intensities
(integrated over all distances) for the
sequence Val-Gln-Ala-Trp are 1.6 [H–NH
(i,i+2)] and 1.0 [H–NH (i,i+3)], and for the
sequence Ile-Asn-Ser-Arg are 1.9 [H–NH
(i,i+2)] and 0.6 [H–NH(i,i+3)].
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tant NOE intensity. Figure 6 compares the predicted
random coil intensities with those expected in regular
secondary structure. A considerable number of NOEs
often associated with secondary structure are expected
even for a random coil [18]. Of the sequential NOEs,
both H–NH (characteristic of an extended conforma-
tion) and NH–NH (characteristic of an -helix) are pre-
dicted to be intense due to the significant population of
both  and  conformers in the random coil state. At a
lower intensity level, medium-range NOEs, particularly
H–NH (i,i+2), are predicted together with less intense
(i,i+3) NOEs. The H–NH (i,i+2) NOEs reflect the sig-
nificant population of (i)(i+1) conformers in a random
coil (Fig. 5). 
The exact intensities of the NOEs expected for a random
coil depend upon the , populations of the amino acids
involved. For example, comparison of the H–NH (i,i+2)
distance distributions and NOE intensities for the two
sequences shown in Figure 5 demonstrates that there is an
increased NOE intensity predicted when residue i+1 is an
asparagine. This is due to the significant population (13%)
of left-handed conformations for this residue in the
protein database; (i)L(i+1) conformers give H–NH
(i,i+2) interproton separations of approximately 3.6 Å and
hence contribute significantly to the resultant NOE inten-
sity. An example showing the close agreement between
the predicted NOEs for a random coil and experimental
data is shown in Figure 7. Here, strips taken from 3D 15N-
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Figure 6
Comparison of predicted 3JHN coupling
constants and NOE intensities for a random
coil [17,18] with those expected for regions of
regular secondary structure. The NOE
intensities are scaled relative to that expected
for a fixed interproton separation of 4.5 Å (set
to 1.0), intensities less than 0.3 (equivalent to
a fixed distance of 5.5 Å) being set to zero.
The intensities for secondary structure regions
are calculated using the interproton distances
in regular secondary structure [50]. The -
helix and -strand 3JHN values are taken from
[17]. The type I turn 3JHN values are
calculated using the Karplus relationship [47]
with  values of –60° and –90° (for residues
2 and 3 respectively). The values given for a
random coil are mean values calculated using
the , populations of all residues in the
protein database; some sequence-dependent
variation in the intensities is expected
reflecting the different , populations of the
different amino acids. The random coil
structure shown is a superposition of 100
five-residue segments selected at random
from the protein database and superimposed
on the central residue. For the secondary
structure regions, five structures from the
protein database are shown superimposed
using the backbone trace.
Random coil
β-strand
α-helix
Turn (type I)
Coupling constant  6.6 Hz
NOE intensities
             αH-NH    NH-NH
i,i+1         33             23
i,i+2         1.6            0.9
i,i+3         0.9            0.3
Coupling constant  4.8 Hz
NOE intensities
             αH-NH    NH-NH
i,i+1         4.4            17
i,i+2         1.0            1.6
i,i+3         5.5            0.8
Coupling constant  8.5 Hz
NOE intensities
             αH-NH    NH-NH
i,i+1         73             1.3
i,i+2          0                0
i,i+3          0                0
                               7.9 Hz (residue 3)
NOE intensities
             αH-NH    NH-NH
2,3          5.5              27
3,4          7.8              43
2,4          3.9             2.8
Coupling constant  4.2 Hz (residue 2)
filtered NOESY-HSQC experiments of lysozyme dena-
tured in 8 M urea (H Schwalbe et al., unpublished data)
and spectra simulated using the NOE intensities pre-
dicted by the random coil model are compared. The good
overall correlation observed shows that a real polypeptide
chain under denaturing conditions populates a distribution
of conformers consistent with the description of the local
and medium-range conformational properties provided by
the database model for a random coil.
Deviations from random coil behaviour
Despite the good overall agreement between predicted
random coil NMR parameters and experimental data for
denatured polypeptides, in some cases significant devia-
tions have been observed for specific sequences. In such
cases, the model provides a base line with which regions
of nonrandom structure can be clearly recognized. Inter-
actions between sidechains and the adjacent peptide
mainchain are recognized to play an important role in
determining the intrinsic conformational preferences of
the different amino acids in a random coil [44], but
sidechain–sidechain interactions can lead in some cases to
significant deviations from random coil behaviour even in
a denatured protein or short peptide. One clear example
of this is when hydrophobic clusters form, such as a
cluster involving Val54, Val56, Trp58 and Leu59 in urea-
denatured 434 repressor which leads to the observation of
a significant number of medium-range NOEs not
expected for a random coil [52]. In other cases, persistent
elements of secondary structure are stabilized; one
example of this is a 16-residue peptide from protein G
which adopts a -hairpin in aqueous solution stabilized, at
least in part, by hydrophobic interactions involving aro-
matic sidechains [53]. Interactions involving charged
sidechains can also lead to significant deviations from
random coil behaviour. Clear examples of this are pro-
vided by (i,i+4) Phe–His, Glu–Lys and Gln–Asp
sidechain–sidechain interactions; these have been shown
to stabilize helices in peptide fragments such as the S-
peptide from ribonuclease A [54].
Some of the identified deviations from random coil behav-
iour are, however, more subtle and appear to involve
sidechain–sidechain interactions modulating the intrinsic
random coil , preferences or leading to a certain degree
of cooperativity (i.e. , angles of adjacent residues are
not completely independent). Examples where
sidechain–sidechain interactions appear to influence the
intrinsic , preferences include an eight-residue peptide
corresponding to residues 17–24 of bovine pancreatic
trypsin inhibitor. Here, interactions involving the
sidechains of Ile19 and Tyr21 appear to stabilize  confor-
mations relative to  for these residues, as H–NH (i,i+1)
NOEs but not NH–NH (i,i+1) NOEs are observed
[55,56]. A very similar result, with larger values of 3JHN
coupling constants reflecting the increased population of
 conformers, has been reported for a peptide taken from
the plastocyanin sequence. In this case, an interaction
between an isoleucine and a phenylalanine sidechain has
been identified (Ile27–Phe29) [57]. 
A case where cooperativity may be playing an important
role is in a peptide corresponding to the C-terminal
region of the hen lysozyme sequence. Here, an H–NH
Review The concept of a random coil Smith et al. R103
Figure 7
Comparison of strips taken from a 3D 15N-
filtered NOESY-HSQC spectrum of hen
lysozyme denatured in 8 M urea (H Schwalbe
et al., unpublished data), at the 15N chemical
shifts of residues 107–116, with strips
simulated using the NOE intensities predicted
by the database model for a random coil.
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(i,i+3) NOE is observed that is not predicted by the
random coil model (JY Yang et al., unpublished data)
apparently due to interactions between the sidechains of
Val120 and Trp123. For this peptide, the 3JHN values
suggest that the intrinsic , preferences of the amino
acids involved are only slightly modulated from those
expected for a random coil and so the
sidechain–sidechain interaction may also be giving rise to
some cooperativity in -helix formation. The database
model for a random coil has been extended to consider
such effects by introducing a cooperativity factor, which
varies between zero (no cooperativity) and one (complete
cooperativity), into the Monte Carlo procedure used to
generate the ensemble of conformers [18]. In the case of
three adjacent amino acids each with an  space popula-
tion of 50%, a cooperativity factor of zero would give a
12.5% population of the all  conformation () while a
cooperativity factor of one would give a 50%  popula-
tion. These two extremes would give identical values of
parameters that probe the conformation of single residues
such as 3JHN coupling constants but significantly differ-
ent intensities for medium-range NOEs, the intensity of
NH–NH (i,i+2) and H–NH (i,i+3) NOEs in particular
increasing with high cooperativity [18]. Cooperativity
may be playing an important role in peptides that have
been recognized as forming nascent helices in solution
[58].
In this review, we have concentrated on the local and
medium-range characteristics of a random coil. How are
these related to the global characteristics discussed at the
beginning of this article? It important to note that devia-
tions from random coil behaviour at a local level, through
the formation of hydrophobic clusters or regions of persis-
tent secondary structure, are not necessarily coupled to
long-range deviations from random coil behaviour. Con-
versely, a polypeptide chain could be collapsed with a rel-
atively compact structure but maintain local disorder. In
some cases, however, the two are coupled, most notably in
molten globule states where secondary structure is
thought to be stabilized by global collapse of the polypep-
tide chain [59]. Such observations highlight the need for
experimental studies of non-native protein conformations
by a range of complementary techniques, for example by
both NMR, to probe the local characteristics, and small-
angle X-ray scattering, to probe the global properties
[10,12]. NMR studies of relaxation behaviour are also
important for probing the dynamics of such states [60–62].
Random coil models are a crucial element in all these
studies providing a clear basis for recognizing nonrandom
behaviour.
Conclusions
Models describing the characteristics of a random coil sup-
ported by experimental data enable us to build up a
picture of the conformational properties of denatured pro-
teins. One of the most striking characteristics of an experi-
mental random coil, highlighted by the database model, is
the strong relationship between its conformational ensem-
ble and the structure of native state proteins, the random
coil , populations correlating with the low energy con-
formations populated by structures in the protein data-
base. This correlation between native folded protein
structures and the random coil state is also reflected in the
relationship between the intrinsic conformational prefer-
ences of the different amino acids and secondary structure
propensities [44,63]. Experimental studies of non-native
protein conformations together with analysis using the
random coil model enable us to observe directly these
intrinsic conformational preferences and therefore have
particular significance with regard to protein structure pre-
diction and design. 
For our understanding of protein folding, certain proper-
ties of the random coil have particular significance.
Firstly, considering the global characteristics within the
rapidly interconverting ensemble of structure populated
in a random coil, although some conformations will be
extended, others will be highly compact with a radius of
gyration comparable to those for native proteins or molten
globules. Secondly, at a local level, a random coil
polypeptide chain will sample conformations containing
regions of the types of secondary structure seen in native
folded proteins. Random coil models do not themselves
indicate any correlation between the radius of gyration
and the transient occupation of  and  secondary struc-
ture. However, both theoretical and experimental studies
have indicated that compact states have a preference for
secondary structure [64–66]; indeed, at least some molten
globule states have native-like secondary structure and
overall fold [59]. This suggests that within the random
coil ensemble of conformers there may be some highly
native-like structures. Furthermore, in a real denatured
polypeptide chain, interactions between sidechains, such
as those leading to the formation of hydrophobic clusters,
will bias the system from the random coil towards
compact states. Hydrophobic clusters or regions with
increased secondary structure propensity will also poten-
tially act as initiation or nucleation sites for folding
[57,67,68]. The characteristics of the ensemble of con-
formers populated by a denatured protein could therefore
provide key information for understanding many aspects
of protein folding.
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